To efficiently protect the integrity of genetic information, transcription is connected to nucleotide excision repair (NER), which allows preferential repair of the transcribed DNA strands (TS). As yet, the molecular basis of this connection remains elusive in eukaryotic cells. Here we show that, in haploids, the RAD26 gene is essential for the preferential repair of the TS during G1. However, in G2/M phase there is an additional RAD51-dependent process that enhances repair of TS. Importantly, the simultaneous deletion of both RAD26 and RAD51 led to complete abolishment of strand-specific repair during G2/M, indicating that these genes act through two independent but complementary subpathways. In diploids, however, RAD51 is involved in repair of the TS even in G1 phase, which unveils the implication of homologous recombination in the preferential repair of the TS. Importantly, the abolishment of NER, by abrogation of RAD1 or RAD14, completely stopped repair of UV damage even during G2/M phase. These results show the existence of functional cross-talk between transcription, homologous recombination and NER.
Introduction
In most living cells, nucleotide excision repair (NER) represents the main repair mechanism for bulky adducts, including the highly mutagenic and carcinogenic UV-induced pyrimidine dimers (PDs). Several studies conducted in different experimental systems have indicated that NER efficiency is heterogeneous throughout the genome, mainly because of transcription and the compaction of genomic DNA into very complex chromatin structure (Thoma, 1999; Hanawalt, 2002) . Indeed, the transcribed parts of the genome are more efficiently repaired than the genome overall, and DNA damage is removed faster from transcribed strands (TS) compared to the corresponding nontranscribed strands (NTS) of active genes (Hanawalt, 2002) . This phenomenon, called transcription-coupled nucleotide excision repair (TCNER), constitutes an important branch of the NER pathway. The other NER subpathway, referred to as global genome nucleotide excision repair (GGNER), copes with lesions in the nontranscribed parts of the genome (Hanawalt et al, 2003) . It is believed that the preferential repair of the TS is initiated by stalled RNA polymerase II (RNAPII) at a damaged site, followed by the displacement of the polymerase, hereby allowing access to the NER core complexes in order to remove the transcription-blocking lesion (Selby and Sancar, 1993; Svejstrup, 2002) . To date, the eukaryotic protein or complex that insures this liaison between transcription and NER is still undefined and the TCNER mechanism is yet elusive. In humans, a defect in TCNER could lead to Cockayne syndrome, a genetic disease characterized by extreme photosensitivity and severe developmental defects (de Boer and Hoeijmakers, 2000) . Cockayne syndrome group A (CSA) and Cockayne syndrome group B (CSB) are two genes specific for repair of the TS (Troelstra et al, 1992; Henning et al, 1995) . The Saccharomyces cerevisiae homologues of CSA and CSB are RAD28 and RAD26, respectively (van Gool et al, 1994; Bhatia et al, 1996; Guzder et al, 1996) . As CSB, RAD26 is solely involved in repair of the TS, while RAD28 seems not to be required. Unlike CSA and CSB mutants, rad26 and rad28 mutants are not sensitive to the killing effect of UV light (van Gool et al, 1994; Bhatia et al, 1996) . Interestingly, Rad26 protein is required for the elongation by the RNAPII transcription machinery (Lee et al, 2001 (Lee et al, , 2002 . It is noteworthy that RAD26 deletion does not have any effect on TCNER of the GAL7 gene and only reduces its extent in some other genes such as RPB2 (Bhatia et al, 1996; Verhage et al, 1996) and MFA2 (Teng and Waters, 2000) , revealing the existence of a RAD26-independent TCNER mechanism. The elucidation of this mechanism will be of great importance, since it will shed light on the molecular basis of the TCNER process in eukaryotic cells.
In the present report, we show that homologous recombination is involved in the preferential repair of UV damage from transcribed strands of active genes.
Results
The efficiency of transcription-coupled NER is cell cycle modulated in haploid S. cerevisiae cells To evaluate the efficiency of the NER process in different phases of the S. cerevisiae cell cycle, cells were synchronized in G1 and G2/M with a-factor. For G2/M, cells were first arrested at the G1/S boundary with a-factor, and then were released for cycling in a-factor-free medium until the majority of cells (B70%) were large budded, with 2n DNA content, and less than 10% of cells were in the S phase ( Figure 1A ). This synchronization/release technique was performed in order to use the same synchronizing agent, and hence avoid any potential drug effect on the repair of UV damage. Subsequently, G1 and G2/M cells were UV-challenged (200 J m
À2
) and reincubated for 2 h of dark repair, during which cells remained in the same phase. Following different DNA repair periods, genomic DNA was purified and utilized to assess the removal of PDs from the ACT1 and GAL10 genes, with the aid of the very sensitive primer extension technique. Figure 1B shows the initial distribution pattern of PDs formed almost exclusively at adjacent pyrimidines (repair time 0), and the repair kinetics that occurred along the TS of the portion of the GAL10 gene, in both phases of the cell cycle. A close visual inspection of the representative autoradiograms shows a faster decrease in the intensities of the bands corresponding to the photolesions formed in G2/M cells, compared with those formed in cells arrested in G1, suggesting that the PD removal from the TS is more efficient during the G2/M phase of the cell cycle. Over 2 h of repair, while 80% of PDs were excised from the TS in G2/M cells, only about 60% were removed in G1 cells ( Figure 1D ). The repair rates obtained for the major PD cluster in this part of the GAL10 gene (CTTTTTTT) were 75 and 50% of PD removed over 2 h in G2/M and G1 cells, respectively. By contrast, the repair rate of the NTS is slightly lower in G2/M compared to the G1 phase; 30 and 40% of PDs were, respectively, removed over the 2 h of repair (Figure 1C and D) . To show that this phenomenon is not gene-dependent, similar experiments were performed using the constitutively expressed ACT1 gene for repair assessment. Figure 1E shows that, as seen for the GAL10 gene, strand bias for repair remains more pronounced in G2/M as compared to the G1 phase. Importantly, similar results were obtained when cells were synchronized in G1 (a-factor) or in G2/M (nocodazole), UV-treated and kept arrested with the same agent during the whole repair period ( Figure 1F ). These results indicate G1  TS  G2  G1  NTS  G2 TS (G2/M) that, in haploid S. cerevisiae cells, the strand bias for repair is more pronounced in G2/M than in G1.
Cell cycle-dependent variability of strand bias for NER is transcription-related After showing that strand bias for excision repair is more pronounced in G2/M phase, it was important to check whether or not this difference is transcription-related. To this end, DNA repair assessment was performed in G1 and G2/M phases using the repressed GAL10 gene as a target. The synchronization was performed as described in the previous paragraph ( Figure 1A ). Cells were grown and allowed to repair UV-damaged DNA in glucose-containing medium. The evaluation of DNA repair ability in both strands indicated that under these conditions the differential repair was completely abolished in both phases, as expected. Importantly, both strands were repaired at the same rate (B40% of PD removed over the 2 h of repair) in both G1 and G2/M phases (Figure 2A and B) . This clearly shows that the cell cycledependent strand bias for repair is transcription-related. RAD26 deletion abolishes strand-specific repair in G1, but only reduces its extent in G2/M To check whether RAD26 is responsible for the cell cycledependent variability of strand bias for repair, excision repair along the TS and the NTS of the GAL10 gene was assessed in RAD26-deleted (rad26D) strain, in both G1 and G2/M phases obtained as described in Figure 1A . Figure 3A shows that the efficiency of PD removal from both the TS and the NTS is similar in the G1-rad26D cells. For both, about 30% of PDs were removed over the 2 h of repair ( Figure 3B ). However, as expected, the repair of the NTS was not affected by the RAD26 deletion ( Figure 3B ), indicating that the absence of RAD26 abolished the TS-preferential repair in G1 phase.
The assessment of excision repair in G2/M cells indicated that the RAD26 deletion reduced the extent of strand bias for repair by reducing the repair efficiency of the TS. Within the 2 h of repair, only 55% of PDs were removed in the rad26D cells, whereas 80% were excised in the WT cells ( Figure 3C ). In striking contrast, the repair rate of the NTS turned out to be slightly higher in the rad26D cells (35% in 2 h) than in the WT cells (25% in 2 h) ( Figure 3B ). This indicates that, in G2/M phase, the preferential repair of the TS is still taking place in spite of RAD26 deletion, but to a lower extent as compared to WT cells ( Figure 3B ). The comparison of DNA repair efficiencies of the TS in both stages showed that this strand is still better repaired in G2/M than in G1, as it is the case in the WT cells ( Figures 1D and 3B ). The repair assessment at the pyrimidine cluster (CTTTTTTT) indicated that G2/M cells removed 60% of the photolesions within 2 h, whereas G1 cells repaired only 38%. On the other hand, the NTS seems to be repaired with similar efficiencies in both phases of the cell cycle, in contrast to what was found in the RAD26-proficient cells ( Figures 1D and 3B ). At the cluster (TCCCTCT), G2/M and G1 cells removed 38 and 35% of the photolesions, respectively.
Using the same DNA preparations, the role of RAD26 in TCNER at different cell cycle stages was also assessed in the lowly transcribed ACT1 gene. Interestingly, the results corroborate the findings with the highly transcribed GAL10 gene. RAD26 deletion impaired the repair of the TS in both G1 and G2/M phases, but as for GAL10 the repair in G2/M is still higher than that in G1 (data not shown). These results show 
WT (G2) WT ( that while the differential repair is only partially dependent on the RAD26 gene during G2/M stage, it is completely RAD26-dependent during G1 phase.
RAD26 deletion sensitizes G1 but not G2/M cells to UV damage
To investigate the effect of RAD26 disruption on the cellular resistance to the killing effect of UV light, WT and rad26D cells were first synchronized in either G1 or G2/M phases, as described above, and then challenged with increasing UV fluences. The survival curves depicted in Figure 3C show that WT and rad26D cells irradiated in G2/M stage are more resistant than cells treated in late G1. The UV fluences resulting in 50% survival (D 50 values) are 12 J m À2 for cells irradiated at the G1/S boundary and 35 J m À2 for G2/M cells, indicating that the latter are three-fold more resistant than the G1/S cells. Figure 3C also shows that WT-and rad26D-G2/M cells have similar resistance to UV damage. On the other hand, rad26D-G1 cells exhibited slight UV sensitivity as compared to their isogenic WT-G1 cells ( Figure 3C ). This parallels the abolition of TCNER during G1 phase in the rad26D cells.
RAD51 and RAD54 deletions impair the preferential repair of the TS during G2/M and eliminates the cell cycle-dependent differential repair
The existence of a RAD26-independent transcription-repair coupling process that operates solely during the post-replicative stages, during which recombination between homologues is possible in haploid cells, suggested a plausible role of recombination in the preferential repair of the TS during G2/M. To test this hypothesis, NER was assessed in RAD51-deleted (rad51D) cells synchronized either in G1 or in G2/M phases as described above ( Figure 4A ). Like for WT cells, 70% of cells were in G2/M phase, while less than 10% were in S phase. RAD51 is a RecA-like protein required for homologous recombination in S. cerevisiae (Aboussekhra et al, 1992; Basile et al, 1992; Shinohara et al, 1992) . Following synchronization, WT and rad51D cells were UV-challenged (200 J m À2 ), and then reincubated for repair. Figure 4B shows that in the rad51D mutant the TS is repaired with similar rates in both G1 and G2/M. Up to 48% of PDs were removed during the 2 h of repair in both phases ( Figure 4C ). Likewise, the repair efficiency of the NTS was similar in G1 and G2/M, indicating that in the rad51 mutant the repair rates are equivalent in G1 and G2/M phases. This shows that the cell cycle-dependent preferential repair of the TS is RAD51-dependent, and hence could be homologous recombination-related.
Importantly, during G2/M phase, the PD removal from the TS in rad51D cells is not as fast as in WT cells (Figures 1B and 4B) . Over 2 h of repair, while about 80% of photolesions were excised from the TS in the WT cells, only 48% were repaired in rad51 mutant ( Figure 4C ). This shows a deficiency in the repair of the TS in the rad51D cells. Regarding the repair of the NTS, like in the rad26D mutant, the repair rates in the rad51D mutant were slightly higher than in WT cells ( Figure 4C ), indicating that RAD51 deletion impairs Figure 1. (C, D) Quantitative analysis, performed as described in Figure 1D . Each error bar represents the standard deviation of three experiments.
specifically the repair of the TS, without affecting that of the NTS. Therefore, RAD51 is required for the preferential repair of the TS during the post-replicative phases of the cell cycle. Indeed, the TS is repaired with similar rates in both rad51 and rad26 mutants ( Figure 5D ), suggesting that these genes are both involved in the transcription-repair coupling process during G2/M phase and they are both needed for optimal TCR process.
In G1 phase, the TS is repaired in both WT and rad51 mutant with similar rates, about 40% of PD were removed in 1 h. Similarly, the NTS was repaired with analogous rates in both backgrounds (Figures 1D and 4C) . These results show that RAD51 deletion does not affect the excision repair of PDs during the G1 phase of the cell cycle and that, in contrast to RAD26, the role of RAD51 in this process is restricted to G2/M stage. This suggests that it is not RAD51 per se that is involved in the preferential repair, but probably the homologous recombination as a process that occurs exclusively during G2/M phase in haploids. To confirm this, we investigated the role of another homologous recombination gene, RAD54, in the preferential repair of the TS during G2/M stage. Importantly, the rad54D cells were found to be as deficient in the repair of the TS as the rad51D cells ( Figure 4C ), indicating that RAD54 is also involved in the repair of the TS during G2/M, which supports the possible role of homologous recombination in the preferential repair of the TS.
To show that this role is not related to the high UV dose used that introduce high number of UV lesions, the role of RAD51 in the preferential repair of the TS during G2/M phase was also analyzed in response to lower UV dose (100 J m
À2
). Figure 4D shows the excision repair kinetics over 1 h at the GAL10 gene, indicating that RAD51 deletion reduced the repair efficiency of the TS as compared to normal cells. After 1 h, 75% of lesions were removed in WT cells, whereas not more than 40% were excised in rad51D cells, corroborating the results described above. However, RAD51 disruption did not have a significant effect on the repair of the NTS ( Figure 4D ). Similar results were obtained when repair was assessed in the URA3 gene (data not shown), which shows that the role of RAD51 in the preferential repair of the TS is not gene-dependent and is sustained even at low UV fluence.
Role of RAD51 in preferential repair of the TS during G2/M is transcription-dependent
To investigate the link between the role of RAD51 in the preferential repair of the TS and transcription, the removal of UV lesions was assessed in transcriptionally inactive GAL10 gene in rad51D cells grown in glucose-containing medium and synchronized in G2/M phase, as described above. As expected, both GAL10 strands were repaired with similar rates during the 2 h of incubation. Indeed, 50 and 47% of photolesions were excised from the NTS and the TS of the GAL10 gene, respectively. These values are similar to those obtained in WT cells (Figure 2B ), indicating that the role of RAD51 in the removal of UV damage is transcription-dependent. TTTCT (527) TTT (558) CC (621) TTTT (575) TCTCCCT ( 
RAD50 is not involved in repair of UV damage
The RAD50 gene is involved in recombinational repair of double-strand DNA breaks. Rad50 forms a complex with two other proteins, Mre11 and Xrs2, and this hetero-complex is involved in double-strand break nucleolytic processing (Game, 2000) . Based on the phenotype of their mutants and the functions of their products, RAD50, XRS2, and MRE11 genes form a separate subgroup into the RAD52 epistasis group (Game, 2000) . To investigate the role of this nuclease in the preferential repair of UV damage in G2/M phase, rad50D and WT cells were synchronized in G2/M, treated with 200 J m
À2
, and then repair of UV lesions was assessed on both GAL10 strands. Figure 4C shows that RAD50 deletion did not affect repair of DNA photolesions from both the TS and the NTS as compared to WT cells. In both cell backgrounds, 25 and 80% of PDs were removed from the NTS and the TS, respectively. This shows that the Rad50 protein is not involved in homologous recombination-mediated excision repair of UV damage.
rad51 rad26 double mutant abolishes the preferential repair of the TS in G2/M phase
The rad26 mutant abolished the preferential repair of the TS in G1. However, in G2/M, the efficiency of TCNER was only reduced, but not abrogated in both rad51 and rad26 mutants.
Therefore, we sought to analyze NER in both the WT and the double mutant rad26 rad51 in G2/M phase. Figure 5A shows that in the double mutant the removal of the PDs from the TS is very slow, similar to that occurring in the NTS, whose repair rate increased slightly as compared to that in WT cells. After 2 h of dark repair, an average of 33% of PDs were removed from both strands, showing the absence of transcription-coupled repair in this double mutant ( Figure 5B ). It is noteworthy that the PD removal from the TS became heterogeneous in the double mutant, while the repair of the same PD clusters was more homogeneous in the parental single mutants ( Figure 5A and C) . This heterogeneity in the repair rate is a feature of the NTS, while repair in the TS is, in principle, homogeneous (Wellinger and Thoma, 1997) . Figure 5A and C clearly shows that the repair rate at many PD clusters on the TS in the double mutant is lower than that assessed in each single mutant and the WT. This reveals that in G2/M phase the preferential repair of the TS is under the control of both RAD26 and RAD51, which may act through independent but cooperative pathways.
Role of RAD51 in repair of the TS is cell cycle-independent in diploid cells
Since, in diploids, radiation-induced homologous recombination can take place even during G1 phase, it was important to investigate whether the RAD51 gene is involved in TCNER during this phase in diploid cells. The effect of RAD51 deletion on preferential repair was first analyzed in exponentially growing cells. WT (FF18735) and rad51D/rad51D (FF18960) cells were challenged with a UV fluence of 200 J m À2 and then were reincubated for 2 h of dark repair.
While 85% of photolesions were in average excised from the TS in WT cells, not more than 50% were excised in the mutant ( Figure 6A ). For the PD cluster (557)CTTCC for example, while 80% of the PDs were excised in 2 h in WT cells, not more than 40% were repaired in the mutant ( Figure 6A ). These results confirm the role of RAD51 in the repair of the TS. Next, the role of RAD51 in the repair of the TS was analyzed in G1 stage. WT and rad51D diploid cells were grown in YEPG for 2 days until 90% of cells were single. Subsequently, cells were diluted in the same medium and reincubated for 2 h, before being UV-treated ( Figure 6B ). The irradiated cells remained in G1 (single cells) during the whole repair period (2 h). As for haploid cells, the DNA repair assay was performed on both the GAL10 and URA3 genes. Figure 6C shows PD removal from the TS of the GAL10 gene, and clearly indicates that the excision of PDs from the rad51D diploid cells is slower than that in WT cells. In average, 90% of PDs were removed from the TS in the WT cells during the 2 h of repair, whereas in the rad51D mutant only about 50% were removed within the same period of time ( Figure 6D ). In the diploids as well, RAD51 deletion did not affect the repair of the NTS ( Figure 6D ). Interestingly, similar repair rates were obtained when cells were challenged in G2/M phase (obtained by treatment with nocodazole), indicating that in diploid cells TCNER efficiency is not cell cycle-dependent (data not shown). The PDs formed on the TS of the URA3 gene were also more slowly repaired in the mutant rad51D cells than in the WT cells (data not shown), which confirms the data obtained for GAL10. Together, these results indicate that, even in G1 phase, the diploid rad51D cells are partially deficient in the repair of UV-induced PDs, which was not the case for the haploid cells, suggesting the involvement of RAD51-dependent homologous recombination in the preferential repair of the TS.
RAD1 and RAD14 deletions abolish NER in G2/M cells
To test whether the role of homologous recombination in the preferential repair of UV damage is direct, or indirect through the NER process, repair of UV damage was assessed in NERdeficient rad1D and rad14D cells during G2/M phase of the cell cycle. RAD14 gene codes for a DNA damage-binding protein that plays key roles in the first steps of the excision repair of UV damage (Guzder et al, 1993) . Cells were synchronized as described above and treated with a UV fluence of 200 J m À2 . As expected, after 2 h, the repair of the PDs in the TS was undetectable (Figure 7) . Indeed, the repair of PDs from the different clusters was between 0 and 10%, indicating that NER was abolished in these G2/M-rad14D cells. Similar results were obtained in the rad1D cells that are defective for the Rad1/Rad10 endonuclase activity (Tomkinson et al, 1993) , which is essential for the NER process (data not shown).
Discussion
Transcription-coupled NER efficiency is cell cycle modulated in haploid, but not diploid S. cerevisiae cells It is shown in the present investigations that strand bias for NER is more pronounced in the post-replicative phases than in G1 phase of the haploid S. cerevisiae cells. This phenomenon is not locus-dependent, but it is transcription-related since it was abolished in transcriptionally inactive GAL10 gene (Figure 2 ). By contrast, no cell cycle-dependent variation in TCNER was observed in diploid cells, which parallels the results that were obtained in both human and rodent cells (Lommel et al, 1995; Petersen et al, 1995) .
RAD26 is essential for TCNER in G1, but not in G2/M phase of haploid cells
It is shown here that RAD26 deletion abolishes the preferential repair of the TS in G1, but only reduces its extent in G2/M phase. This effect of RAD26 is not locus-dependent nor transcription rate-dependent, since it has been shown in the highly transcribed GAL10 gene (Figure 3 ) and the lowly transcribed ACT1 gene (data not shown). These results indicate that, while RAD26 is necessary for TCNER during G1 phase, there are both RAD26-dependent and -independent transcription-repair coupling processes in G2/M. Interestingly, rad26D exhibits slight UV sensitivity in G1 but not in G2/M, nor in Log phase. Together, these results indicate that the lack of UV sensitivity and the absence/slight effect on the preferential repair of the TS that has been previously found in the rad26D mutants (Bhatia et al, 1996; Verhage et al, 1996) may be due to the presence of a significant proportion of cells in G2/M in the irradiated population.
Homologous recombination couples transcription to the NER process
We have also shown that RAD51 deletion impairs the repair of the TS, but not that of the NTS, during the post-replicative phases. However, no effect was observed in G1 phase ( Figure 4C ). This indicates that, in haploid cells, RAD51 plays an important role in the repair of the TS, but only in G2/M phase, during which exchanges between sister chromatids can take place. This strongly suggests a role of recombination in this process. In keeping with this possibility, we have found that RAD54, another homologous recombination gene that belongs to the same epistasis group, is also involved in the preferential repair of the TS during G2/M phase of haploid cells ( Figure 4C ). This indicates that the RAD26-independent TCR process is related to a pathway, but not to a particular gene. Importantly, RAD51 is required for the preferential repair of the TS even during G1 phase of diploid cells, wherein homologous recombination is possible (Figure 6 ), indicating that the role of RAD51 in this process is not cell cycle-dependent, but is related to the presence of homologous molecules. Together, these results present the first evidence that homologous recombination is involved in the removal of PDs from the TS of active genes. Indeed, in the absence of transcription (repressed GAL10), RAD51 deletion did not have any effect on the repair of both the TS and the NTS in G2/M phase, showing that the role of RAD51 in the preferential repair of the TS during G2/M is transcriptiondependent. More importantly, the effect of RAD51 deletion on the repair of the TS was observed in most PD clusters in both GAL10 and ACT1 genes, indicating that the effect is not limited to some PDs at specific sites, but is a general event. These data indicate that homologous recombination is coupled to transcription, in order to insure the most efficient repair of UV damage from the TS. Is the removal of PDs by HR direct or indirect through the NER process? In fact, the abrogation of the NER RAD1 or RAD14 genes abolished the repair of the TS of the GAL10 gene in G2/M, indicating that during this phase, wherein homologous recombination participates in the preferential repair of UV damage, NER is still essential for this repair process. This suggests that homologous recombination is not directly involved in the excision of UV damage, but only couples transcription to the NER process that insures PDs removal in all phases of the cell cycle. This indicates that, in addition to the role of homologous recombination in UV damage avoidance (bypass) during DNA replication, it also insures efficient repair of part of these lesions from TS of active genes. It is noteworthy that this novel function of HR in promoting the removal of DNA photolesions is unrelated to DNA replication, since (i) the cells used here were synchronized either in G1 or in G2/M; (ii) the role of RAD51 in the preferential repair of UV damage has been found to be strand-specific and transcription-dependent; (iii) while rad50 mutant is known to be defective for the post-replication repair process (Kadyk and Hartwell, 1993) , it has been found here to be normal for the preferential repair of the TS during G2/M phase ( Figure 4C) ; (iv) while HR insures only an adaptive role during S phase, it enables an efficient repair of UV damage during the post-replicative phases.
In human cells, CSA and CSB are specifically involved in repair of the TS. Unlike rad26 mutant, CSA and CSB mutants are defective in the preferential repair of the TS (Venema et al, 1990; van Hoffen et al, 1993) , suggesting that either the homologous recombination is not involved in TCNER or CSA and CSB mutants are defective in all the TCNER pathways. The human hRad51 protein, a sequence and functional homologue of yeast Rad51, is also required for strand exchange during homologous recombination (Benson et al, 1994; Baumann et al, 1996) . hRad51 protein binds directly with Brca2 and interacts with Brca1, two breast cancer susceptibility gene products that are also involved in the homologous recombination mechanism (Venkitaraman, 2002) . Importantly, BRCA1 and BRCA2 are required for transcription-coupled repair of the oxidative 8-oxoguanine DNA damage (Abbott et al, 1999; Le Page et al, 2000) . In fact, this constitutes another example where proteins required for homologous recombination are also involved in TCR. This suggests that homologous recombination could be involved in the coupling between transcription and repair of oxidative DNA damage as well as UV damage, in human cells.
Homologous recombination and RAD26 control different TCNER subpathways
Both mutants rad26D and rad51D are defective, but not completely, in the preferential repair of the TS. Importantly, the double mutant displayed no strand-specific repair, indicating that RAD51 and RAD26 are both required for optimal TCNER during G2/M phase of haploid cells and belong to two additive and interactive TCNER subpathways. These subpathways act on the same photolesions, since the repair rate at each PD cluster on the TS was reduced in both rad51D and rad26D mutants ( Figure 5C ). This indicates that the same primary lesions are operated on in the WT cells by both the RAD26-and the HR-dependent processes, which complement each other to insure the best repair of the TS. It is noteworthy that when the repair of the TS decreased in the repressed GAL10 gene, in the double mutant as well as in the single mutants (rad51D and rad26D), the repair of the NTS increased slightly, which may suggest an inter-relationship between repair of the TS and its corresponding NTS of each particular gene, and that, during transcription, repair of the TS takes place at the cost of that of the NTS.
It has been recently reported that Rpb9, a subunit of the S. cerevisiae RNAPII, mediates a subpathway of TCNER (Li and Smerdon, 2002) . In the light of the present results, the role of Rpb9 could be either indirect by affecting chromatin remodeling during transcription or by enabling the RNAPII to resume transcription after being arrested by DNA damage. Indeed, Rpb9 sequence shows 30% identity with that of TFIIS (Kaine et al, 1994) , and are both normally involved in reactivating paused RNAPII during transcription, in the absence of DNA damage (Awrey et al, 1997; .
DNA preparation and enzyme digestion Genomic DNA was prepared from samples corresponding to different repair times using QIAGEN columns and protocols, whereupon the DNA was incised with the EcoRI restriction enzyme.
Primer extension analysis
Primer labeling and primer extension were carried out as described previously (Aboussekhra and Thoma, 1998) Primer extension was achieved by 30 cycles of repeated denaturation (951C for 1 min), annealing (601C for 4 min) and extension (721C for 3 min) reaction, with 0.2 U of Taq polymerase (QIAGEN). The reaction products were ethanol precipitated and analyzed on a 5% polyacrylamide, urea (w/v; 40%) gel. DNA sequencing reactions were performed in parallel, using the Sanger chain termination technique with the same primer. The gels were subsequently dried on 3MM paper and then exposed to X-ray films (Kodak) and to a phosphorImager screen (Molecular Dynamics, Typhoon 8600) in order to be analyzed.
Quantification
The sequencing gels were used for the quantification of the relative repair of UV-induced DNA damage. Briefly, a volume box was made around each band obtained from a UV-induced DNA lesion and the corresponding gel background was subtracted using a volume box of the same size outside of the loaded lanes. This value was then divided by that obtained for a volume box which covered the whole lane, so as to correct for inter-lane loading differences. The values obtained for the nonirradiated DNA were then subtracted in order to correct for unspecific background signal due to DNA nicking or nonspecific Taq DNA polymerase blockage. For standardization, the corrected values obtained at time 0 (no repair) were defined as 100% damage.
